Poly (vinyl alcohol)/Hydroxyapatite (PVA-H/HA) composite prepared from aqueous solution of the polymer and dimethylsulfoxide (DMSO) by freezing and thawing method are developing to repair or replace articular cartilage. In the present study, the tribological behaviors of this composite were investigated in a three-factor, three-level designed experiment using an improved four-ball tester. Factors include sliding velocity, applied load and HA content of composite. Friction coefficient of the PVA-H/HA was found to depend significantly on load and sliding velocity, while HA content had small effects on the friction coefficient of PVA-HA composite in our investigation. We also found that wear loss of PVA-H/HA increased sharply with the increasing loads and HA content of specimen.
Introduction
Many studies on articular cartilage function have suggested the important role of cartilage layer. PVA hydrogel have been studied as possible replacement for articulating cartilage due to its excellent biocompatibility, low elastic modulus, high resilient and self-lubrication in recently years. Several studies [1, 2, 3] have been reported that PVA hydrogel exhibit some mechanical properties that are consistent with human cartilage behavior, with a strain magnitude and rate-dependent compressive tangent modulus.
Hydroxyapatite, as a kind of natural material, has been widely used as the bioactive component of polymer material for bioactive implant [4, 5] . It had been proved that the addition of HA accelerated the crystallization of PVA hydrogel, and increased the mechanical strength of the PVA-H/HA composite.
The primary goal of this investigation was to study the friction and wear behavior of PVA-H/HA composite-a class of hydrogel widely studied as possible articular cartilage substitutes. The specific objectives of this research were to carry out a three-factor, three-level designed experiment to determine the effects of applied load, sliding velocity and HA content of PVA-H/HA composite on their friction and wear behaviors.
Experimental Details

Materials
The Calcium Carbonate (CaCO3), Phosphate (H3PO4), Dimethyl Sulfoxide (DMSO) and PVA used in this study were supplied by the Sinopharm Chemical Reagent Co. Ltd., P.R. China.
The PVA powder we used has viscosity-average degree of polymerization (D.P.) of 1750±50, with an average molecular weight of 124,000 and saponification of 99.5 mol%. The concentrations of DMSO and H3PO4 were 99% and 95%, respectively.
Preparations of composites
One hundred grams of CaCO3 powder was heated at 1050℃ for 3 h, and the resultant CaO powder was hydrated with distilled water in order to produce Ca(OH)2. One thousand milliliter of 0.6 M H3PO4 were dropped into 2000 ml of 0.5 M Ca(OH)2 suspension, and then stirred vigorously for 5 min at room temperature. The obtained suspension was aged overnight; the final pH was adjusted to 7.5. The suspension was atomized under a pressure of 1.5 MPa with a flow rate of 500 ml/h, Then the HA particles were calcined at 1200℃ for 0.5 h. The diameter of HA particles we obtained are about 70nm.
Separately, several grams of these HA particle were added in 100 ml of DMSO/water (80:20) mixed solvent, ultrasonic treated was used to fully distribute the HA particles on the solution. After these processes, 15 wt.% of PVA powder was dissolved in this mixed solvent under autoclave condition at 110℃ for 3h, and until well blended to prepare the viscous slurry. The PVA/HA slurry was cast in the glass vessel and kept in refrigerator at -20℃ for 24 h to make PVA-H/HA composite which are the physically cross-linked hydrogel with the HA particles. All specimens were placed in distilled water for fully swelling before testing.
Tribological testing
The friction and wear investigation of PVA-H/HA composite were performed at room temperature in ambient atmosphere under distilled water lubrication conditions on an improved four-ball testers (MRS-10A, Jinan Shijin Tester Company, P.R. China).
A three-factor, three-level design experiment was conducted to determine the effects of applied load, sliding velocity and HA content on the friction and wear behaviors of PVA-H/HA composite. The variables and levels used are summarized in Table. 1. In our investigation, two specimens were tested within each combination for a total of 30 tests. 
Measurement
Measurements were made of friction and wear loss for each of these tests. The friction coefficient can be calculated from μ= F/N, where μ, F and N represent friction coefficient, friction force and applied load, respectively. Friction force was the average value of the whole process. The repeatability of measurements from two specimens of each composition was good. Therefore, only averaged data were plotted without error bars in order to present results clearly.
Results
Friction coefficient
The influences of different factors on the friction coefficient of PVA-H/HA composite are shown in Figure 1 . It is found that HA content has little effect on friction results. The maximum of friction coefficients of specimens are 0.055 at high HA content, just a little higher than that of specimen at low HA content. On the other hand, friction coefficient of the PVA-H/HA composite is significantly dependent on the load and sliding velocity. Friction coefficient decreased as increasing sliding velocity in our test. Applied load has the most effect on the average friction in these three factors that the average friction coefficient at high load is about two times of that at low load. 
Wear loss
The wear loss of the entire study varied from a low value of 4.5mg to a high of 52mg, a factor of over 11. Analysis of variance of the wear data showed that load, sliding velocity and HA content had significant effects on wear loss. These results are illustrated by the bar graph in Figure 3 . It can be seen that on average, increasing the applied load from 5 to 15N results in a large increase in wear, roughly 312%. PVA hydrogel with high HA content showed a 355% increase in wear on average than that of specimen with low HA content as well. On the other hand, increase sliding velocity play a role in decreasing wear loss of specimen. HA content has the most effect on the wear loss in these three factors in our study. Figure 4 shows the curves of wear loss versus the applied load of the composites. The sliding velocity was 0.21m/s. As the load increases the wear loss increases as well. When the load was more than 10 N, the wear loss began to increase rapidly. It suggests that this is a critical load value for transition from mild wear to severe wear of the materials. If the load exceeds the value, the pressure on the wear surface is so big that the surface of PVA-H/HA composite is serious destroyed and severe wear occurs. Note that wear loss of specimen with high HA content increased greatly, reflecting the effectiveness of the addition of HA particle on increasing wear loss of specimen. 
Discussion
Increasing the applied load resulted in large increase in wear and friction coefficient, while increased wear velocity reduced wear as well as friction coefficient. Obviously, the tribological processes involved in this investigation are complex. The effects of applied load, sliding velocity and HA content on the tribological behaviors of PVA-H/HA composite were examined. coefficient for all combinations. Figure 5 summarizes the average wear and friction coefficient data for each 15 test groups in our study. It can be seen that there are large variation in wear as well as friction coefficient. In some case, friction is high while wear is low, or friction is low while wear is high. A better way to look at these data would be to plot these averages wear values against the friction coefficient, as shown in Figure 9 . The first obvious conclusion is that there is some correlation between the friction coefficient and wear loss. Low friction and low wear, middle friction and middle wear, high friction and high wear were observed in this figure. It should be pointed out that the datum shown in Figure 9 are average values and the variation in both friction coefficient and wear loss within a pair of tests do exist. In fact, if we plots wear versus friction coefficient, the resultant figure is similar to figure 6 and the general conclusions remain the same-showing low friction/low wear, middle friction/middle wear, high friction/high wear combinations.
It is obviously found that three of the five favorable combinations are at the low load and middle sliding velocity, and the other two are at the middle load and high velocity. When the sliding velocity increased, the surface elastic deformation rate of PVA-H/HA composite lags the relative sliding velocity of titanium alloy sphere. The surface distortion of PVA-H/HA composite cannot keep up with the sliding velocity in the test. The titanium alloy sphere has passed the deformation region of the PVA-H/HA specimen before the deformation region forms. This causes the contact area of the friction counterpart to be smaller at higher sliding velocity, with resultant lower friction force. These results in the friction coefficient decreased with increasing sliding velocity. This phenomenon is similar to be observed other scholars on the PVA hydrogel which exhibited an increase in friction coefficient with the increase of loads. At the same time, most solid materials follow Amonton's friction law, with frictional loads depending only on normal loads. The PVA-H/HA does not follow this model, showing dependence not only applied load but also sliding velocity in our tests. PVA-H is a low mechanical resistance material which easily occur deformation. The contact area and wear loss of the counterpart is proportional to applied load. The less deformation of the composite, the smaller friction force and wear loss of the friction counterpart is, due to the decreased contact area between the friction counterparts. On the other hand, the low load actually produces an extreme regime of "boundary lubrication" which might occur under lubrication condition. In addition, synovial liquid, which presents in articulating joint, would be expected to be superior to distilled water used in this study as for as wear in concerned. Articular cartilage has complicated lubrication modes, previously described as hydrodynamic, squeeze-film, hydrostatic, boosted or 'weeping', and/or boundary lubrication [4] . PVA-H/HA may be found to exhibit these lubrication modes as well at low load, but this work was out of the scope of the current study.
Conclusion
This paper presents an experimental study on the tribological properties of PVA-H/HA composite against titanium alloy.
(1) Friction coefficient of the PVA-H/HA was found to depend significantly on applied load and sliding velocity. HA content has small effect on the friction coefficient of PVA-HA composite in our investigation. (2) Wear loss of PVA-H/HA composite is positively proportional to loads and HA content of specimen. Increasing sliding velocity slightly decreases wear loss of specimen. Although different factors play different role on the tribological behavior of specimen, wear loss and friction coefficient show similar trend in this investigation.
